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Abstract 24	

The present work aims to provide first principles insights into the catalytic performance of 25	

composites based on BaTiO3 particles decorated over reduced graphene oxide 26	

(rGO).Examination regarding the orbital contributions of valence states, conduction states, 27	

interaction surface and anchoring of perovskite over rGO have been carried out. Theoretical 28	

results thus obtained have been validated using experimental investigation. Further 29	

experiments have also been conducted to analyze the catalytic performance of composites 30	

with respect to multiple advanced oxidation processes. Charge separation has been improved 31	

due to rGO acting as macromolecular photosensitizer. Degradation of xanthene dye 32	

(Rhodamine B) and methyl orange (MO) assisted in evaluation of the catalytic performance. 33	

Acoustic irradiation provides an additional route to improve degradation by ameliorating 34	

catalytic activity (from 0.036min to 0.099minin RhB especially). Synergistic effect obtained 35	

through conjugated benefits of oxidation processes with proposed composite, played a 36	

crucial role in improving the overall efficiency. The cumulative outcome of the results 37	

indicates superior performance of BaTiO3-rGO composites for green and sustainable water 38	

treatment applications.  39	

 40	

 41	

 42	

 43	

 44	

Keywords: Advanced oxidation processes; first principles; barium titanate-rGO composite; 45	

dye degradation; water pollution; ferroelectric 46	



3	
	

1. Introduction 47	

Ferroelectric-perovskite based catalytic applications have recently attracted considerable 48	

advocacy owing to its promising applications in the field of environmental detoxification. 49	

This can be attributed to the presence of adequate cathodic conduction band (CB) energies 50	

and a recently reported stern layer formation[1]; which assists in effective electron-hole 51	

separation at the catalyst-medium interface. However, owing to the major shortcomings 52	

which includes low quantum yield under visible light irradiation and wide band gap, it is 53	

crucial to tailor its properties to enable practical applications[2-5].  54	

In this context, composite of BaTiO3 (promising ferroelectric perovskite) with reduced 55	

graphene oxide (rGO) has been considered in this work. rGO has been used owing to several 56	

merits such as high adsorption capacity, enhanced surface area and increased porosity[6, 7]. 57	

Further, the photoexcited state of rGO acted as an electron donor for perovskite, facilitating 58	

injection of these electrons into its conduction band. This is followed by subsequent radical 59	

reactions, therefore rGO acts as a macromolecular photosensitizer[8, 9].Though such 60	

composites have been investigated for photocatalytic applications[10-16], this is the first 61	

theoretical study that we are aware of, which clearly illustrates the phenomenon occurring at 62	

microscopic level. In addition, it assisted in elucidation of interactions, orbital contributions 63	

and nature of anchoring between perovskite particles and rGO. 64	

Further, the performance of the proposed composite in the context of multiple advanced 65	

oxidation processes (AOPs) including photocatalysis, sonocatalysis and sonophotocatalysis 66	

has also been addressed experimentally. The hybrid approach of 67	

sonophotocatalysis[17]offered multiple advantages including enhanced mass transfer, de-68	

agglomeration of catalyst and augmented turbulence of the aqueous medium. Xanthene dye 69	

(Rhodamine B, RhB) and azo dye (methyl orange, MO) have been selected in this work to 70	

evaluate the catalytic performance for various oxidation processes. It will be demonstrated 71	
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that degradation process involving a synergistic effect (employing benefits of multiple AOPs 72	

and BaTiO3-rGO) results in higher degradation efficiency. Results indicate that the proposed 73	

approach addresses multiple shortcomings associated with traditional catalysts and could 74	

pave way for the future of sustainable water treatment. 75	

 76	

2. Theoretical and Experimental Section 77	

2.1. First principles investigations. CASTEP commercial package[18] has been employed to 78	

perform the first-principle DFT calculations using plane wave pseudo-potential formalism 79	

method. A local density approximation (LDA) approach has been used to perform 80	

computations coupled with Ceperley-Alders exchange correlation potential which was 81	

parameterized using the Perdew-Zunger scheme, without considering the spin polarization. 82	

The conjugated gradient technique has been employed in a direct minimization of Kohn-83	

Sham energy functional, with pseudopotentials representing the core electrons in frozen form. 84	

The Monkhorst pack scheme generated the k points that accounted for crystal reciprocal 85	

lattices. The existing literature reveals that LDA underestimates the band gap for both 86	

semiconductors and insulators[19, 20]. Hence, a correction or scissor operator is often 87	

required to achieve the band gap that compliments the experimental investigations. For both 88	

systems, the energy cut off was 410 eV. Three-dimensional periodic boundary conditions 89	

have been employed for both pristine and the composite system. The vacuum space of 15Å at 90	

Z-axis while building the composite assisted in avoiding surface interaction, which otherwise 91	

could have interfered with the trajectories generating periodic images. Increasing the k-point 92	

set to higher value of 6 x 6 x 1 mesh enabled good agreement with reported results. However, 93	

a further increase in density of the k point grid did not alter the results significantly. 94	

Geometry optimization for the systems facilitated in relaxing all atoms to attain the most 95	

stable configuration for systems under consideration. Similar studies have been conducted for 96	

CdS by Jose et. al.[21] and Dong et. al.[22] and with TiO2 cluster by Albaret et.al.[23] , 97	
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Quet. al.[24] and Geng et. al.[25]. Expanding upon the same approach, BaTiO3 cluster (n=2) 98	

has been considered with 7 x 7 supercell of rGO. Figure 1 shows the optimized structure 99	

corresponding to BaTiO3 cluster (n=2) decorated over rGO. As clearly reflected, all three 100	

possible isomers of (BaTiO3)2 clusters have been considered to approach the rGO sheets. 101	

After evaluation of binding energy for each of the system, it could be deduced that figure 1 102	

(a) corresponds to the highest binging energy of 1.78 eV. Hence, this isomer corresponds to 103	

the most stable structure and has been considered for further calculations. The equilibrium 104	

distance between the rGO layer and the top of BaTiO3 cluster is calculated to be 2.73 Å.  The 105	

investigations have been performed considering the convergence threshold, energy and force 106	

to be 2x10-6 eV per atom, 2 x 10-5eV and 0.05eVÅ-1 respectively.  The projected density of 107	

states (PDOS) of the considered catalyst has been evaluated to elucidate the orbital 108	

contribution, direction of charge transfer and nature of electronic coupling.  109	

2.2. Chemicals. BaCO3 and TiO2 powders (Alfa Aesar) were used to synthesize BaTiO3 110	

using conventional solid-oxide reaction route. Graphene oxide was prepared using modified 111	

Hummers' method[26]. The ferroelectric-rGO composites have been prepared using 112	

hydrothermal synthesis using hydrazine as a reducing agent. The starting raw materials, GO 113	

solution and BaTiO3were subjected to continuous stirring for 1 hour, after mixing into their 114	

stoichiometric ratio, to obtain 10% rGO by weight, in the composite. Thereafter, the reaction 115	

mixture has been subjected to hydrothermal treatment for 3 hours at 200°C after transferring 116	

it to a Teflon autoclave. The obtained product was subjected to centrifugation for 10 minutes 117	

at 4000 rpm. The centrifuged product was further washed and dried to obtain BaTiO3 – rGO 118	

composites. 119	

2.3. Characterization techniques. The phase homogeneity and purity of the fabricated 120	

samples was analyzed using automated powder X-ray powder diffraction on a RIGAKU-9kW 121	

rotating anode with Cu-Kα source. A scan rate of 0.02˚/s over the 2θ range of 20˚ to 80˚has 122	
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been used. Scanning electron microscope (SEM) (FESEM, Inspect™S50) has been employed 123	

to evaluate surface morphology, microstructure, particle size and composition of the samples. 124	

Energy-dispersive X-ray (EDX) spectroscopy enabled elemental mapping of the catalyst. 125	

High-resolution transmission electron microscopy (HR- TEM, FEI USA, Tecnai G2 20) has 126	

been employed to evaluate the orientation of BaTiO3 over stacked rGO sheets. Fourier 127	

transform infrared spectroscopy (FTIR, PerkinElmer, USA) and UV-vis diffuse reflectance 128	

spectra (DRS, PerkinElmer spectrometer) aided in elucidation of nature of participating 129	

bonds and absorbance of light in samples respectively. The photoluminescence (PL) spectrum 130	

was recorded by Agilent Technologies (Carry eclipse) equipment under 380 nm excitation. 131	

2.4. Performance assessment of the catalyst. RhB (10 ppm, 30 mL) has been used to assess 132	

the performance of the catalyst with respect to various oxidation processes. MO (10ppm, 133	

30mL) has been employed to investigate the effect of pH on the activity of the composites. 134	

Aqueous suspensions of both dyes were subjected to magnetic stirring under dark for 90 135	

minutes prior to irradiation, to attain the adsorption-desorption equilibrium. Subsequently, 136	

15mg of composite was immersed into vessels containing 10ppm (30 mL) solution of RhB 137	

and MO respectively and has been subjected to continuous and vigorous stirring under dark. 138	

A 150 W halogen lamp (with UV cut off filter λ ≥ 400nm) was used for irradiation, held 139	

perpendicularly at a distance of 20 cm from the experimental setup. UV-visible 140	

spectrophotometer (Shimadzu UV) assisted in monitoring the change in the concentration 141	

gradient of the dyes accounting for multiple oxidation processes. The sonocatalytic and 142	

sonophotocatalytic degradation mechanism was investigated using an ultrasonic bath (XUB6) 143	

with frequency of 35 kHz and 200W power. To affirm reproducibility and reusability, several 144	

iterations were performed for the same batch of composites. It could be concluded that 145	

catalyst performance is invariant to repetitive iterations. 146	

 147	



7	
	

3.  Results and discussions 148	

3.1. Computational investigations. The optimized structure of BaTiO3 with its reciprocal 149	

lattice as pseudopotential representation exhibiting Brillouin zone, is shown in figure 2 (a). 150	

Figure 2 (b) shows the projected DOS for BaTiO3.The peaks observed below the Fermi level 151	

(Ef) at approximately 16 eV, 10 eV and 4 eV correspond to O-2s, Ba-5p and O-2p orbitals, 152	

respectively. The contribution of different orbitals can be observed near the Fermi level (0 153	

eV), Ef. However, major contributions originate from the O-2s states and Ti-3d states. The 154	

valence band is majorly constituted of O-2p states and Ti-3dorbitaldominates the conduction 155	

band. DOS further offers a valuable insight which helps to elucidate the nature of contact 156	

between the Ti-3d and O-2p states and hence the electronic structure. In addition, from figure 157	

2(b) the overlap of Ti-3d and O-2p states can be seen, which is associated with the covalency 158	

manifesting between these states. Figure 2 (c) shows the total DOS for BaTiO3 lattice. As 159	

evaluated by CASTEP, the difference between the Ti-3d valence states and O-2p conduction 160	

states contributes to a band gap of 1.81eV at the Γ point. Figure 2(d) shows the optimized 161	

geometry of the BaTiO3-rGOcomposite with its Brillouin zone. The contribution of orbitals 162	

in the composite structure can be elucidated by projected DOS of the geometry, see figure 2 163	

(e). A conventional "U-shaped profile" at Ef can be observed in the projected DOS structure 164	

of the composite. The redistribution of energies and interaction due to rGO and barium 165	

titanate causes a slight shift of 0.7 and 0.4 eV in the O-2p and Ti-3d states respectively. Thus, 166	

it has been deduced that rGO is not involved in band-gap modification. A predominant 167	

localisation of electronic charge around the 2p states of O and C, contributing majorly 168	

towards valence band, can be observed. Additionally the valence band maximum is partially 169	

occupied by Ti-3d owing to the interfacial charge transfer from rGO to BaTiO3. Conduction 170	

band minimum state largely comprise of Ti-3d orbitals and partly 2p orbitals from rGO. On 171	

interfacing the perovskite with rGO, visible light absorption involves transitions between 172	

high lying valence band states and low lying conduction states. The visible light irradiation 173	



8	
	

causes electrons to be directly excited into Ti-3d orbitals which form the predominant 174	

electron-density component of the low lying conduction band states. The total DOS of 175	

BaTiO3-rGOcomposite, as in figure 2 (f), shows the contribution of all the states involved and 176	

corresponds to the peaks of projected DOS. It is well established that LDA approach 177	

underestimates the band gap for both semiconductors and insulators due to self-interaction 178	

error of electrons and inadequacy of derivative discontinuity[27, 28]. The scissor operator of 179	

1.76 eV can be employed to adjust the theoretical band gap with experimentally evaluated 180	

band gap. Further details have been reported in section S1 of the supporting information. 181	

3.2. Structure of the catalyst and characterization. The XRD pattern for rGO, pure BaTiO3 182	

and BaTiO3-rGO composites (10% rGO) has been shown in figure 3(a). The observed peak 183	

splitting at approximately (2θ=) 45° in the XRD pattern for BaTiO3 corresponds to the 184	

tetragonal BaTiO3 phase (JCPDS No. 01-075-0583) with lattice parameters of a = b= 3.9950 185	

Å, c = 4.0340 Å. The diffraction peaks at (2θ=) 22.29°, 31.53°, 38.92°, 45.06/45.31°, 50.87°, 186	

56.34°, 65.93°, 70.48°, 75.03° and 79.44° account for the Bragg reflections from the <100>, 187	

<110>, <111>, <002>/<200>, <102>, <211>, <220>, <212>, <310> and <311> planes 188	

respectively. Due to the low mass concentration of rGO, its weak diffraction intensity and the 189	

stack disorder due to intercalation of BaTiO3 particles[29],no diffraction peaks of rGO could 190	

be observed in acquired XRD pattern of BaTiO3-rGOcomposite. The results also indicate that 191	

decorating BaTiO3 particles on the rGO sheets does not affect the phase of particles.  192	

PL emission spectra as shown in figure 3 (b), aided in investigating the separation efficiency 193	

of photogenerated electrons and holes and the excited state of the catalysts under 194	

consideration. The peak of BaTiO3at 392 nm has been quenched in the composites. This is 195	

further accompanied by decrease in the emission efficiency and is indicative of significant 196	

reduction of the electron-hole combination of the composite. This can be accredited to the 197	

interfacial transfer from the surface of excited catalyst[30, 31]. Most advanced oxidation 198	
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processes are governed by participation of unstable active charged species. Therefore, the 199	

proposed catalyst enhances their participation by improving interfacial charge transfer 200	

process, inhibiting charge neutralization and prolonging the lifetime for photo-generated 201	

charge carrier species. 202	

Figure 3(c) exhibits the FTIR spectra of GO and its composites which confirms the 203	

conversion of GO to rGO. In FTIR spectra of GO, characteristic peaks at 3406 cm-1 204	

correspond to O–H stretching, 1720 cm-1 to C꞊O stretching and 1625 cm-1 can be attributed to 205	

skeletal vibrations of unoxidized graphitic domains. The peak at 1403 cm-1 corresponds to O–206	

H deformation, and the peak at 1234 cm-1corresponds to C–OH stretching[32]. FTIR spectra 207	

of the BaTiO3 – rGO composite confirms the formation of rGO, as the oxygen containing 208	

functional groups have been almost diminished in the spectra. The peak at 541 cm-1 is due to 209	

vibration of Ti-O bond and the peak at 1437 cm-1 is related with CO3
2- impurities from 210	

barium carbonate[33]. 211	

The optical properties of the pristine BaTiO3 particles (without rGO) and the composites have 212	

been examined by using UV−Vis diffuse reflectance spectra (Figure 3(d)). The absorption 213	

edge of the BaTiO3-rGO composites remains same as pristine particles, which indicates that 214	

the band gap is not affected. However, the absorption intensity increases for the composites, 215	

which can be attributed to the rearrangement of energy levels of BaTiO3. This increase of 216	

absorption efficiency also indicates the potential of the composite to utilize the visible light 217	

irradiation efficiently. 218	

3.3. Surface morphology of the catalyst. Figure 4 (a) shows an SEM micrograph for pristine 219	

BaTiO3 particles. The average size of BaTiO3 particles is ~60-70 nm. Figure 4(b) is a SEM 220	

micrograph for BaTiO3-rGO composites. It can be observed that hydrothermal synthesis does 221	

not affect the grain size of BaTiO3 particles. In addition, the morphology of BaTiO3 particles 222	

anchored onto the stacked layers of rGO sheets can be observed. Figure 4(c) shows the EDX 223	
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analysis of BaTiO3 particles, where peaks of Ba, Ti and O can be observed. No trace of 224	

external impurities could be detected within the resolving capacity of EDX, indicating the 225	

purity of fabricated catalyst. Additional peaks in the EDX analysis of carbon have been 226	

detected in BaTiO3-rGOnanocomposite, presented in figure 4(d),exhibits the presence of 227	

graphene in the composites. 228	

TEM microscopy further confirms the morphology of composite as seen in figure5 (a). 229	

BaTiO3 particles are observed to be thoroughly anchored to the stacked layers of rGO. TEM 230	

also aided in determining the size and orientation of BaTiO3 particles. Figure 5(b) 231	

demonstrates selected area electron diffraction (SAED) of composites. The crystalline nature 232	

of the BaTiO3 particles is indicated by the presence of dark spots in the micrograph which 233	

correspond to diffraction from a single crystal. The zone axis can be further identified for 234	

these patterns. Reflection from the (20͞2) and (͞220) planes relate to the first two spots in the 235	

pattern respectively. Considering orientation from the (111) plane, these planes are associated 236	

with the tetragonal structure. 237	

3.4. Performance evaluation of the composite through advanced oxidation processes. RhB 238	

has been used as a standard organic contaminant to evaluate the key operating conditions and 239	

performance of the BaTiO3-rGOcomposites with respect to various oxidation processes. It is 240	

imperative to determine the adsorption capacity of the composites under consideration for 241	

RhB, as the degradation is significantly dependent on it. The adsorption investigations 242	

revealed that degradation profile follows a Langmuir pseudo-second order model. The 243	

equilibrium adsorption capacity (𝑞!)and adsorption rate constant (𝑘ads) were determined to be 244	

33.2 mg/gcatalystand 3.7 x 10-5g/mg-min, respectively (supporting information, S2). The 245	

photocatalytic, sonocatalytic and sonophotocatalytic degradation of RhB was governed by 246	

Langmuir-Hinshelwood model(supporting information, S2).Figure 6 (a) shows the second 247	

order kinetic plot for the adsorption of RhB on the composites and figure 6 (b) is a linear 248	
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transform ln(C/C0) as a function of time corresponding to sonocatalytic, photocatalytic and 249	

sonophotocatalytic degradation, respectively. The results followed a pseudo first order 250	

reaction and the reaction rate has been determined as 0.036 min-1, 0.055 min-1 and 0.09935 251	

min-1 for sonocatalytic, photocatalytic and sonophotocatalytic degradation, respectively. The 252	

reaction rates are comparable and even higher than those reported for multiple hybrid 253	

catalysts[34-36]. 254	

Upon careful assessment of degradation profiles following deductions can be made abou t 255	

individual processes and their hybridization: (i)RhB degradation (photolysis)is negligible 256	

under visible light irradiation and in the presence of pristine BaTiO3 particles (supporting 257	

information, S2)(ii)significant degradation of RhB (in presence of the composites) was 258	

accomplished within a span of 90 minutes; this is credited to surface adsorption of dye (iii) 259	

prominent degradation of RhB is achieved under visible light irradiation; attributable to 260	

reduced recombination of photo-induced electron-hole pairs upon delocalization of electrons 261	

over  rGO. This phenomenon is associated with rGO’s ability to act as macromolecular 262	

sensitizer for perovskite and the Schotky-barrier effect which in turn significantly improves 263	

the lifetime of generated electron-hole pairs; thereby improving the utilization of charge 264	

carriers for degradation of the organic pollutant (iv) ultrasonic treatment assisted in surface 265	

adsorption hence, leading to better dye degradation. This can be explained in terms of system 266	

response under acoustic waves, where two major parameters come into play. Primarily, 267	

sonication induces cavitation and the implosion of cavitation bubbles provides extremely 268	

localized supercritical conditions of high temperature, high pressure, electrical discharges and 269	

plasma effects. This leads to cleavage of dissolved oxygen and water molecules and 270	

ultimately forms participating radicals. Thereafter, these radicals react with the target 271	

pollutant molecule and accelerate their decomposition. 272	
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Secondly, multi-bubble sonoluminescence also governs the process of dye mineralization. 273	

This can be ascribed to the emission of photons resulting from collapsing bubbles, driven by 274	

acoustic energy. Subsequently, these photons trigger the excitation of electrons which 275	

improves the participation of charge carriers. Other factors contributing towards enhanced 276	

degradation of the contaminants are de-agglomeration of the catalytic compound and mass 277	

transfer of the reactants. The characteristic stern layer formation in BaTiO3 allows effective 278	

curbing of electron-hole neutralization, making it a perfect choice for a catalyst. Additionally, 279	

coupling of an acoustic effect and the piezoelectric nature of BaTiO3 contributes to 280	

piezophototronic effect whichfurther ameliorates the overall performance[37]. 281	

Hence, synergistic effects arising due to hybridization of sonocatalysis and photocatalysis in 282	

presence of BaTiO3-rGO composites is highly desirable in efficient degradation of targeted 283	

dye pollutants. 284	

3.5. Effect of pH. In order to evaluate the effect of pH on the performance of the composite, 285	

the change in rate of MO degradation rate was considered. On varying the pH a maximum 286	

degradation rate of MO, through the composites, was observed in the acidic region(red form, 287	

pH 3).In addition, Liu et al.[38] reported a pH value of 3 to be optimal for maximum 288	

photocatalytic decomposition of MO. However, the underlying principles for enhanced 289	

performance contributing towards decomposition of the red form of MO are not yet clearly 290	

established. This phenomenon is due to the fact that in an acidic medium, a hydrogen ion is 291	

attracted by nitrogen. This induces a delocalization of the positive charge over the structure, 292	

arising from the movement of the lone pair of electrons. The absorption shifts to longer 293	

wavelengths or lower frequencies, as the delocalization increases. Since absorbance at pH 3 294	

corresponds to a highly delocalized structure of MO[38, 39],it has been used to analyze the 295	

performance of composite. 296	

Figure7 (a) demonstrates the pseudo first order kinetic plot for adsorption of MO over the 297	

composites. Slope of the plot accounts for equilibrium adsorption capacity (𝑞!) and has been 298	
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determined to be 32.7 mg/gcatalyst. The adsorption rate constant (𝑘ads) is given by the intercept, 299	

which is found to be 2.3 x 10-5g/mg-min (Supporting information, S3). 300	

Figure 7 (b) shows the linear transform for kinetic curve corresponding to pseudo first order 301	

reaction.The reaction rate constant were 0.0133 min-1 , 0.0138 min-1 and 0.01587 min-1 for 302	

sonocatalytic, photocatalytic and sonophotocatalytic degradation respectively (Supporting 303	

information, S3). 304	

The schematic in figure 8 indicates the proposed photocatalytic and sonophotocatalytic 305	

mechanism employing barium titanate particles decorated over rGO sheets, also 306	

demonstrating the underlying mechanism for formation of the delocalised structure of MO. 307	

Figure 9 (a) exhibits the comparative degradation (%) of RhB through surface adsorption and 308	

oxidation processes, plotted as a function of irradiation time. Considering only surface 309	

adsorption, the degradation (%) level using the BaTiO3–rGOcompositewas estimated to be 310	

61.10 %. The degradation (%) through photocatalytic, sonocatalytic and sonophotocatalytic 311	

mechanism was estimated to be82.4%, 72.7% and 97.3 % respectively. 312	

A comparison of the degradation (%) of MO through surface adsorption and oxidation 313	

processes against irradiation time is shown in figure 9 (b).The observed 59.6% degradation 314	

can be attributed to surface adsorption, owing to the porous structure of the composite. The 315	

highest degradation of 81.9% was achieved through sonophotocatalysis, followed by 78.2% 316	

through photocatalysis and 66.8% through sonocatalysis. Figure 9 (c) exhibits degradation 317	

percentage of RhB and MO with respect to different photocatalytic cycle. 318	

In order to investigate the degradation mechanism exhibited by the proposed catalysts, it is 319	

crucial to study and investigate the energy band potentials (refer section S4 of the 320	

supplementary information). It could be established that the active species involved in the 321	

degradation are mainly ·OH and H2O2.  322	
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The cumulative results are indicative of the benefits that synergistic effect accompanies, 323	

which plays a vital role in enhancing the performance of the composite for dye degradation. 324	

4. Conclusions 325	

To summarize, a theoretical study utilizing DFT with plane wave total energy sets and 326	

pseudopotential approach has been employed to facilitate assimilation at a molecular point of 327	

view. Projected and total density of states has aided in determining the nature of electronic 328	

coupling and the contribution of orbitals. In addition, DOS assisted in corroborating 329	

investigations on energy band potentials in the composites by indicating electron excitation 330	

from the valence states to conduction states.  331	

Further, the proposed methodology aims to provide several benefits through effective 332	

utilization of multiple advanced oxidation processes. BaTiO3-rGO composites have been 333	

prepared via a hydrothermal synthesis route using hydrazine as a reducing agent. The XRD 334	

pattern provided details of the phase homogeneity of the composite. The nature, vibrations 335	

and oscillations of participating bonds have been evaluated by FTIR. DRS and PL 336	

measurements exhibited enhanced light absorption capacity and reduction in charge 337	

neutralization, respectively.SEM and HR-TEM revealed that the BaTiO3 particles are firmly 338	

anchored on the stacked layers of rGO. Stacked sheets of rGO not only acted as electron 339	

reservoir, but also as a photosensitizer for BaTiO3 particles. This facilitated trapping and 340	

scavenging of the injected electrons in the conduction band of the perovskite which is 341	

subsequently followed by radical reactions. MO was used as targeted dye contaminant to 342	

probe the effect of pH on degradation mechanism. The results indicate that BaTiO3–rGO 343	

composites provide a route for efficient, green, sustainable and cost-effective detoxification. 344	
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 468	

 469	

 470	

Figure captions: 471	

 472	

Figure 1: Optimized geometries of the composite with possible isomers of graphene oxide 473	

with (BaTiO3)2 clusters. White, gray, red and green spheres stand for C, Ti, O and Ba, 474	

respectively. 475	

 476	

Figure 2: (a) Optimized geometry with cubic Brillouin zone representation (b) projected 477	

DOS of  BaTiO3 and (c) total DOS of BaTiO3 (d) optimized geometry with triclinic Brillouin 478	

Zone representation (e) projected DOS of BaTiO3-rGOand (f) total DOS of BaTiO3-rGO. 479	
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 480	

Figure3:(a) XRD pattern for BaTiO3-rGOcomposite, BaTiO3 and rGO, (b) PL spectrum for 481	

pristine BaTiO3 particles and composite (c) DRS pattern and (d) FTIR for BaTiO3 – rGO 482	

composite and pristine BaTiO3 particles. 483	
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 484	

Figure 4: (a) SEM micrograph of pristine BaTiO3 particles (b) SEM micrograph showing 485	

BaTiO3 particles decorated on stacked sheets of reduced graphene oxide in the BaTiO3 – rGO 486	

composite (c) EDX of BaTiO3 and (d) EDX of BaTiO3-rGO composite showing peaks, 487	

weight and atomic percent of the involved elements. 488	

 489	

Figure 5: (a) TEM micrograph of the BaTiO3-rGO composite (b) SAED pattern of the 490	

BaTiO3-rGO composite.  491	

 492	
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 493	

Figure 6:(a) Pseudo-second order kinetic plot for the RhB dye degradation through BaTiO3-494	

rGO composites corresponding to adsorption desorption equilibrium (b) Linear transform of 495	

the pseudo first order kinetic curve corresponding to sonocatalytic, photocatalytic and 496	

sonophotocatalytic degradation of RhB. 497	

 498	

 499	

Figure 7:(a) Pseudo-first order kinetic plot for MO adsorption -desorption equilibrium (b) 500	

Linear transform of the pseudo first order kinetic curve corresponding to sonocatalytic, 501	

photocatalytic and sonophotocatalytic degradation ofMO. 502	
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 503	

Figure 8: Schematic illustration of the proposed approach (also exhibiting the delocalised 504	

structure of MO). 505	
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 506	

Figure 9:Comparison of degradation percentage vs. irradiation time for a) RhB and b) MO 507	

with respect to adsorption- desorption and various oxidation processes for the composite c) 508	

degradation percentage of RhB and MO with respect to different photocatalytic cycle. 509	


